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We demonstrate electrical magnetization switching and spin pumping in magnetically doped Weyl semimet-
als. The Weyl semimetal is a new class of topological semimetals, known to have nontrivial coupling between
the charge and the magnetization due to the chiral anomaly. By solving the Landau-Lifshitz-Gilbert equation
for a multilayer structure of a Weyl semimetal, an insulator and a metal whilst taking the charge-magnetization
coupling into account, magnetization dynamics is analyzed. It is shown that the magnetization dynamics can be
driven by the electric voltage. Consequently, switching of the magnetization with a pulsed electric voltage can
be achieved, as well as precession motion with an applied oscillating electric voltage. The effect requires only a
short voltage pulse and may therefore be more energetically efficient for us in spintronics devices compared to
conventional spin transfer torque switching.
Controlling magnetization dynamics is one of the chal-
lenges for successful applications of spintronic memory,
logic, and sensing nanodevices. Local magnetic fields and
spin-polarized currents have been used to do this [1]. How-
ever, there are limitations in applying these schemes: apply-
ing local magnetic fields causes difficulties in making scalable
systems, whereas employing a (spin polarized) charge current,
for spin-transfer torque [2–5] and spin-orbit torque [6–9], suf-
fers from Joule heating. Manipulating the magnetization with
gating has also been proposed, however, the high threshold
electric voltage is an issue for device applications [10–13].
Scalability, reduced energy dissipation, and a reliable method
of controlling magnetization would thus provide meaningful
steps for the further development in low energy spintronics
devices.
Recently, spintronics phenomena in topological materi-
als have drawn much interest for achieving novel electri-
cal manipulation of the magnetization. In topological insu-
lator/ferromagnetic insulator heterostructures, magnetization
switching [14–16], the control of magnetic textures [17], and
the spin-electricity conversion [18] have been examined theo-
retically and experimentally.
As a new class of topological materials, Weyl semimet-
als are being researched intensively. They possess a three-
dimensional linear dispersion which is analog of the Weyl
fermion in high energy physics [19]. Weyl semimetals can
be realized when time-reversal and/or inversion symmetries
are broken. Tantalum arsenide and some other noncentrosym-
metric materials are experimentally reported as the inversion
symmetry broken Weyl semimetals [20–23]. Although there
are many theoretical predictions for the time-reversal symme-
try broken Weyl semimetals such as pyrochlore iridates [24],
the multilayer of the topological and normal insulators [25],
and the magnetically doped topological insulators [26–29],
there have been few materials reported to be time reversal
symmetry broken Weyl semimetals [30–32]. Since time re-
versal symmetry broken Weyl semimetals possess both topo-
logical and magnetic properties, they might be candidates for
new spintronics devices.
The electromagnetic responses in some classes of topo-
logically nontrivial states are described by the Axion term
[33, 34],
S θ =
∫
dtdx
(
e2
4π2~c
)
θE · B. (1)
Particularly in the magnetically doped Weyl semimetals, field
theoretical studies addressed that θ is given by the relation
[34],
∇θ =
xS S J
~vF
ˆM, (2)
where S is spin of the magnetic moments, xS is a magnetic
impurity concentration ratio, J is the exchange coupling con-
stant between a local moment and an itinerant electron, vF is
the Fermi velocity, and ˆM is the normalized directional vector
of magnetization [35]. Note that Eq.(2) holds even when ˆM
varies in space. The charge and current densities are derived
by jµ = δS θ/δAµ as
jAHE = σAHE ˆM × E, (3)
ρAHE = σAHE ˆM · B, (4)
where σAHE is the anomalous Hall conductivity defined as
σAHE =
e2 xS S J
2π2~2vF [29]. The anomalous Hall effect (AHE), Eq.(3), occurs in solids with broken time-reversal symmetry, typ-
ically in a ferromagnetic phase, as a consequence of spin-orbit
coupling [37]. Equation (4) states that a charge density is in-
duced by the magnetization in a magnetic field. We assume
in the following that the relation is valid in any magnetic con-
figuration as long as the magnetization varies smoothly with
respect to the lattice constants [35, 38].
In this paper, we study the magnetization dynamics in
magnetically doped Weyl semimetals by solving the Landau-
Lifshitz-Gilbert (LLG) equation with effective fields as a con-
sequence of Eq. (4). We focus on the case in which the Fermi
energy is located at the Weyl points, where the electromag-
netic response of the charge density is described by Eq.(4).
Consequently, we propose a method to switch the magneti-
zation by means of electrical pulses and for generating spin
currents by an oscillating electric voltage in the magnetically
doped Weyl semimetals.
As a setup, we consider a multilayer device, shown in
FIG.1, consisting of a magnetically doped Weyl semimetal,
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FIG. 1. (Color online) Schematic illustration of the multilayer struc-
ture of a Weyl semimetal, an insulator, and a metal. The applied
voltage between the Weyl semimetal layer and the bottom metal
layer induces magnetization dynamics. The thickness of the Weyl
semimetal and the insulator are denoted as d0 and d, respectively.
(a) Voltage pulses switch the magnetization. (b) Oscillating voltage
induces magnetization precession and generates a spin current. The
generated spin current is injected into an adjacent metal layer.
an insulator, and a metal. An electric voltage is applied be-
tween the Weyl semimetal and the metal layers. A magnetic
field is also applied.
We first discuss the energy density functional of the mag-
netization in the multilayer structure. In the external magnetic
field, the Zeeman contribution to the energy density of local
moments is given by EZ = −gµBρS ˆM · B where ρS is the den-
sity of the magnetic dopants. Magnetic anisotropy also gives
a contribution as EA = −K ˆM2y where K is the anisotropic con-
stant. Here we consider easy axis anisotropy and take the y
axis as the easy axis.
Since the charge couples to the magnetization in the Weyl
semimetals, the charge degrees of freedom give two additional
contributions to the energy density of the magnetization. The
total number of electrons changes depending on the relative
angle between the magnetization and the applied magnetic
field. This induces an additional charging energy density,
EC =
ρ2AHE
2C
=
1
2C
(
σAHE ˆM · B
)2 (5)
where C is a capacitance per unit volume. In the presence
of an external electric voltage, the electric potential also con-
tributes to the total magnetic energy as
EV = VρAHE = V
(
σAHE ˆM · B
)
(6)
where V is the applied voltage. Therefore the total magnetic
energy density is given by
Etotal = −gµBρS ˆM · B − K ˆM2y
+
1
2C
(
σAHE ˆM · B
)2
+ V
(
σAHE ˆM · B
)
. (7)
To minimize the charging energy, EC , the magnetization
lies in the plane perpendicular to the magnetic field, decreas-
ing the induced charge, Eq. (4). The Zeeman energy density
of the local moments, EZ , favors the magnetization parallel to
the magnetic field. The electic voltage contribution, EV , fa-
vors the magnetization direction parallel or antiparallel to the
magnetic field depending on the sign of V .
Let us consider the equilibrium state of the magnetization
without the electric voltage. We take the external magnetic
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FIG. 2. (Color online) Schematic illustration of the spin torque in-
duced by the electric voltage. (a) The equilibrium magnetization di-
rection determined by the balance of the charging energy and the
Zeeman energy. (b),(c) Magnetization precession driven by the ap-
plied voltage. The direction of the spin torque changes depending on
the sign of the voltage.
field as B = B zˆ. As shown in FIG. 2 (a) the equilibrium
magnetization direction is obtained by minimizing EC + EZ +
EA as
θ0 = cos
−1
− BgµBρS1
Cσ
2
AHEB2 + K
 (8)
when 1Cσ
2
AHEB
2 + K > BgµBρS , and θ0 = 0 when 1Cσ
2
AHEB
2 +
K < BgµBρS , where θ0 is the stabilized zenith angle of the
magnetization. The in-plane component is always +yˆ or −yˆ
direction because of magnetic anisotropy. Therefore, the mag-
netization direction can be tilted away from the magnetic field
by the charging energy as a consequence of coupling between
the magnetization and the charge. The charging energy be-
comes dominant in the strong magnetic field regime. The
dominance of energies is also controlled by changing the ca-
pacitance. In the multilayer structure shown in FIG. 1, the
capacitance is estimated as C = εd d0 where ε is a dielectric
constant of the insulator, d and d0 are the thickness of the in-
sulator and the Weyl semimetal.
Now we discuss dynamics of the magnetization in the Weyl
semimetal. The magnetization dynamics is described by the
LLG equation,
d ˆM
dt = −γ
ˆM × Beff + α ˆM ×
d ˆM
dt , (9)
where Beff is an effective magnetic field obtained by taking
variational of the total energy density by magnetization,
Beff =
1
~γ
δEtotal
ρS δ ˆM
, (10)
γ is the gyromagnetic ratio, and α is the Gilbert damping con-
stant. Etotal is the total energy density of magnetization intro-
duced in Eq. (7). The charging energy EC and the potential
term EV give additional contributions to the LLG equation be-
cause the charge degrees of freedom couple to the magnetic
degrees of freedom [35]. The contributions are described in
terms of the effective field, Beff = B + BA + BC + BV , as
BC =
∂EC
~γρS ∂ ˆM
=
σAHE
~γρS C
(
σAHE ˆM · B
)
B (11)
BV =
∂EV
~γρS ∂ ˆM
=
VσAHE
~γρS
B. (12)
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FIG. 3. (Color online) (a) Magnetization trajectory with the pulsed
voltage. It shows that the magnetization changes the sign from +y to
−y. (b) Magnetization trajectory driven by the oscillating voltage. It
shows that the magnetization precesses around the equilibrium axis.
Then spin torque associated with the charging and poten-
tial contributions are obtained as TC = ~γBC × ˆM and
TV = ~γBV × ˆM. The anisotropy energy gives a contri-
bution which is independent of the magnetic field as BA =
∂EA
~γρS ∂ ˆM
= 2 K
~γρS
My yˆ. By solving the LLG equation with these
additional contributions, the time evolution of magnetization
can be computed.
In our calculation, we choose the parameters as σAHE =
336.3Ω−1cm−1, ρS = 1.3 × 1020cm−3, α = 0.01, ǫ/ǫ0 = 9.7
corresponding to silicon carbide where ǫ0 is the electric con-
stant, 2K/~γρS = 0.1T, B = 0.1T, and d · d0 = 5.0× 10−15m2.
With these parameters, the charging energy is larger than the
Zeeman energy. Thus the equilibrium magnetization angle
is not parallel to the external magnetic field as discussed in
Eq.(8). We examine magnetization dynamics for pulsed and
oscillating electric potentials. Typical numerical results of the
magnetization trajectory for each input voltages are shown in
FIG. 3. It indicates that the magnetization changes its direc-
tion between +yˆ and −yˆ for the pulsive voltage, FIG. 3 (a),
and precesses for the oscillating voltage, FIG. 3 (b). We will
explain more detail in the following.
Let us start with the pulsed electric voltage. When the elec-
tric voltage is absent, V = 0, the magnetization relaxes to
the direction determined by Eq.(8). In this case, the Zeeman
energy and the charging energy counterbalance each other as
shown in FIG.2 (a). When the electric voltage V is turned
on, BV is generated and then the spin torque TV is induced.
The direction of the torque depends on the sign of the applied
voltage, V , as shown in FIG.2 (b) and (c). When the voltage
V is large enough to overcome the anisotropy, the magnetiza-
tion changes its direction from +yˆ to −yˆ, or vice versa. We
numerically examine the LLG equation for the case of pulsed
voltage input. For each pulse, we use the Gaussian function,
V = V0 exp
[
−t2/2δt2
]
where V0 is the amplitude and δt is the
width of the pulse. As shown in FIG.4 (a), the y component of
magnetization can be repeatedly reversed by electric pulses.
To compare with a current-induced magnetization dynam-
ics such as the spin-transfer torque [2–5] and the spin-orbit
torque [6–9], there is no threshold current for the magneti-
zation switching with this mechanism, thus it is expected to
be energetically more efficient. The magnetization control us-
ing an electric field has been also proposed and performed
experimentally in a magnetic tunnel junction structure com-
prising a ferromagnetic metal, FeCo, and a MgO barrier [11].
In this structure, the spin torque is generated as a consequence
of a change in the perpendicular magnetic anisotropy by the
electric voltage. However a strong electric field is required
to produce a large enough torque for magnetization switch-
ing with this mechanism, limiting the practical application for
nonoscale devices, because the torque is a secondary effect
from a changing in the Fermi surface anisotropy. By contrast,
there is the direct coupling between the magnetization and the
charge in the Weyl semimetal, Eq. (4), our method only re-
quires the electric voltage larger than the easy axis anisotropy
which can be tuned experimentally. Therefore the structure
with the Weyl semimetal in FIG. 1 (a) might be suitable for a
practical device application.
Next we consider the magnetization dynamics under the os-
cillating electric voltage. In addition to controlling the direc-
tion of the magnetization, generation of spin currents is one
of central issues in the field of spintronics. Spin pumping is
a well established method of generating spin currents, which
allows the transfer of the spin angular momentum from mag-
netization precession motion in a ferromagnet to the conduc-
tion electron spin [39, 40]. To induce precession of the mag-
netization a microwave is irradiated in addition to the static
magnetic field tuned at the ferromagnetic resonant condition.
In the following we propose an alternative method to induce
precession motion of the localized magnetization in the Weyl
semimetal. In stead of microwave irradiation, we introduce an
oscillating voltage under the condition which the applied volt-
age is smaller than the anisotropic energy. Since the voltage-
induced torque does not overcome the anisotropy torque, it
does not lead to reversal but precession of the magnetization
about the equilibrium axis given by Eq. (8). Figure 3(b) shows
a typical trajectory of magnetization precession under an os-
cillating electric voltage V = V0 sin(ωt) where ω is the fre-
quency.
Here we consider a metal attached to the Weyl semimetal
as depicted in Fig. 1(b). In a model of spin pumping the DC
component of the spin current density in the adjacent metal
layer by the precessing magnetization is expressed as
jS = ω2π
∫ 2π/ω
0
dt g↓↑ ˆM × ˙ˆM (13)
where g↓↑ is the real part of the spin mixing conductance
[39, 40] at the interface between the adjacent metal and the
Weyl semimetal. Experimentally the spin current density js
can be detected as a voltage signal via the inverse spin Hall
effect in the metal layer [41]. We compute ˆM × ˙ˆM, and its
y component is shown in FIG.4 (b). The result shows an os-
cillating behavior in ( ˆM × ˙ˆM)y with a same frequency as the
input electric voltage. This suggests that an AC spin current
is induced by the electric voltage. There is also DC bias in
( ˆM × ˙ˆM)y. In the multilayer structure, FIG. 1 (b), the gen-
erated spin current is injected into the top metal layer. An
important point here is that, in the Weyl semimetals, magneti-
zation precession motion is induced by the oscillating voltage
and the spin pumping is expected.
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FIG. 4. (Color online) (a) The time evolution of the y component of the magnetization with the pulsed voltage. The numerical calculation
is done with the parameters, V0 = 0.1V and δt = 2nsec. Lower figure shows spin switching which My changes its sign following the pulsed
voltage inputs. (b) The time evolution of the y component of ˆM × ˙ˆM with the oscillating voltage. The parameters are taken as V0 = 0.1V and
ω = 5GHz.
In conclusion, we have analyzed magnetization dynamics
in a magnetically doped Weyl semimetal. By solving the LLG
equation, we found that magnetization dynamics is drastically
modified without electric currents due to coupling between the
magnetization and the charge density. As a result, switching
motion of the magnetization is induced by a pulsed electric
voltage. In addition, magnetization precession is induced by
an oscillating electric voltage, generating the spin currents.
These electrical manipulations of the magnetization without
currents are indispensable for low energy consumption de-
vices, so that the Weyl semimetal might be the candidate of
the next generation spintronics material.
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